As the Architecture, Engineering and Construction industry globalizes, design and planning work is increasingly executed in geographically distributed and culturally diverse Global Virtual Project Networks (GVPNs). Within a GVPN, boundaries exist that can interfere with collaboration effectiveness and work processes. In order to increase effectiveness of GVPNs, we need to develop a better understanding of how to span boundaries. Although previous research has examined strategies for spanning individual boundaries, we lack an understanding of how multiple, layered boundaries can be simultaneously spanned. For instance, when knowledge domain boundaries correspond to cultural boundaries, are cultural boundary spanners able to effectively support network interactions? Our research examines a case where cultural, technological and knowledge domain boundaries simultaneously exist to identify effective interactional strategies that minimize the impact of the boundaries on project execution time. Based on a social network analysis, our results indicate that cultural boundary spanners may not be effective when simultaneously spanning knowledge domain and technological boundaries. Our research contributes a preliminary exploration of layered boundaries and layered boundary spanning in GVPNs and provides project decision-makers with insight into effective GVPN team composition and interactional strategies that can lead to more efficient project outcomes.
INTRODUCTION
Project-based industries such as Architecture, Engineering and Construction (AEC) are globalizing (Messner, 2008) . In AEC, some tasks that used to be performed in one country are being outsourced to offshore location in another country in order to improve profits and reduce costs. To effectively execute tasks that have been outsourced, Global Virtual Project Networks (GVPNs) are often leveraged to facilitate and enhance the communication between the outsourcer and the foreign company (Chinowsky and Rojas, 2003) . Past research has showed that within these GVPNs, geographic, cultural, technological and knowledge domain boundaries are present and can make the industry less efficient (Ramalingam, Mahalingam, 2011) .
Geographic boundaries appear when one or more of the teams forming the GVPN are not present in the same geographic space as the rest of the teams. This can cause complications for conducting face-to-face interactions and obligates the use of technology for communication, which in turn, can make the interactions more challenging. Being in different geographical locations limits spontaneous communication, which forces the network to organize meeting times and schedules throughout the project. Having only organized meetings creates delays in solving problems that could be addressed with a phone call or a spontaneous face-to-face meeting. In turn, these delays can reduce the time efficiency of a GVPN.
The presence of geographical boundaries means that face-to-face interactions between GVPN members are impossible, which forces a need to interact through technological mediation. Different software and methods of communication are used to facilitate the interactions, but they often generate technical challenges, which can create boundaries within the GVPN. These technical boundaries and the resulting challenges often decrease the network's productivity. For example, in virtual meetings, much time can be lost in preparing the technological devices and addressing problems such as bad audio and video quality. Technological boundaries also decrease the network's efficiency in terms of information flow. The use of instant messaging and email may make it more difficult for network members to express their ideas clearly or comment effectively on a visual aspect of their work task. The email or instant message may be misunderstood or not understood at all, forcing the network members to interact several times, possibly over a number of days, in order to successfully transfer the information required. In a face-to-face setting, misunderstandings are often clarified immediately, which ensures that the information is transferred effectively before the next step in the project execution.
Cultural boundaries exist when the GVPN is composed of members from different nationalities and cultures. Having members from different cultures may cause misunderstandings that can reduce network efficiency in terms of information flow. For example, the units of measurement in India are different than those used in the United States. During discussion between Indian and American teams about a construction model, it can be difficult for one team to mentally visualize what the other team is describing in terms of scale when the teams are working with different mental representations of measurement units. Both teams may be converting every piece of information to the measurement system they are familiar with, which introduces opportunities for error and thus reduces the efficiency in which the information of the model is transferred between teams and consequently can interfere with the development of shared understanding within the GVPN.
Knowledge domain boundaries arise in most GVPNs because the networks are composed of different teams with specialization in different aspects of the project. For example, GVPNs can be composed of 3D modeling specialists, construction scheduling specialists and cost estimation specialists. A knowledge domain boundary can exist when a team of specialists from one knowledge domain does not understand the information provided by teams with other specialization or when one team tries to perform a task with implications for tasks executed by teams in other domains. For example, many times the cost estimators might try to adjust the 3D model of a project to satisfy their budget. However, the cost estimators may not understand the use of space as well as the 3D modelers, which can lead to mistakes in the design.
Existing research has studied different strategies for spanning these boundaries and achieving efficient communication among GVPNs (Ramalingam and Mahalingam, 2011) . For instance, research has suggested the use of a Cultural Boundary Spanner (CBS) to help reduce the negative impact of cultural boundaries in project networks (Di Marco et al., 2012) . A CBS is a network member with experience in two of the different cultures represented in the network and can help bridge the cultural differences to enhance communication (Di Marco et al., 2012) . However, because cultural boundaries often exist at knowledge domain boundaries, it is not clear what role the CBS plays in spanning knowledge domain or technological boundaries. In other words, we do not know the effect of a CBS on GVPN performance when the CBS is not simultaneously a Knowledge Domain Boundary Spanner (KDBS) and a Technology Boundary Spanner (TBS). Thus, there is a gap in our knowledge about the role of a CBS at knowledge and technological boundaries.
In this paper, we explore and discuss what the role of a CBS should be at a knowledge domain and technological boundary, by examining how a CBS affects the efficiency of the GVPN in accomplishing project tasks. The research questions that our study aims to explore are the following: RQ1: Are the information structures of GVPNs with and without CBSs at knowledge domain and technological boundaries the same? RQ1a: If the information structures are not the same, how do they differ? RQ2: What effect do CBSs at knowledge domain and technological boundaries have on the time efficiency of GVPNs in executing project tasks?
RESEARCH DESIGN AND METHOD
To answer these questions, we designed an experiment that allowed us to observe two GVPNs executing the design and planning of a hypothetical construction project. Each GVPN consisted of four teams of graduate students from four universities in three countries, including the U.S., India, and the Netherlands. Each team was assigned a different task in the development of the project. The Indian team (IND) was responsible for 3D modeling. The Dutch team (NED) was responsible for cost estimation. The East Coast U.S. team (US1) was responsible for construction scheduling while the West Coast U.S. team (US2) was responsible for 4D modeling. Thus, because the universities were spread throughout the world, we considered university teams to represent different cultures. In this way, through our experimental design, we simulated GVPNs with cultural and knowledge domain boundaries.
Using student teams in our experiment permitted us to include a CBS in one network but no in the other, allowing us to compare the role and impact of a CBS at knowledge domain boundaries. This wouldn't have been feasible using industry groups since CBSs don't typically exist in teams, instead CBSs need to be strategically placed in the networks. The CBS we included had earned her undergraduate degree in India and was an Indian national, but was enrolled in graduate school in the U.S. and was part of US2. She had learned 3D modeling in India and was currently studying construction scheduling, so she was both a CBS and a KDBS at the scheduling/3D modeling boundary. IND was furthest geographically from the other teams and had a high degree of cultural difference when compared to the rest of the network. It was important for all teams to communicate effectively with IND because they were responsible for the 3D modeling of the project and every other engineering task in the project was interdependent with the 3D model.
Every week, the GVPNs executed a different construction task that contributed to the overall project goal of designing and planning a 3-story building. The team assigned to each task was responsible for managing and leading the work session for the week in which they were required to execute the task. All tasks were interdependent with each other, which required teams to seek information from other teams in the GVPN. For example, in order to calculate the cost of the building, the estimators needed information on the material and quantities used. Moreover, if the 3D model changed, all other three tasks would be affected as well. This aspect of the experimental design created a need for information to flow repeated across knowledge domain and cultural boundaries, which allowed us to determine the efficiency of information flow in a network with a CBS and one without a CBS.
To communicate and transfer information associated with their tasks, the networks met on a weekly basis in the CyberGRID. The CyberGRID is a virtual world where users interact with each other through audio and text chat. In the CyberGRID, users can import 3D CAD models into the virtual space and interact with the models and with each other through avatars. Users can also share their local desktop screens. In addition to the CyberGRID, the GVPNs also communicated using Google Chat, an instant messaging application where users can interact in realtime through text. Both the CyberGRID and Google Chat were used because IND did not have access to the CyberGRID. The GVPN mainly communicated in the CyberGRID, and used Google Chat whenever any team had to communicate with IND. This created a technological boundary between the 3D modelers and the rest of the teams. Thus, the CBS was simultaneously able to be a KDBS and TBS, which allows us to explore their role at these co-existing boundaries.
Our focuses on the cost estimation task because cost calculations involves the input of every team and precise information transfer with the 3D modelers (i.e. IND). By focusing on this task, we were able to compare the networks in terms of their time efficiency during a task where information transfer between teams would be necessarily high in order to observe the role of the CBS at the knowledge domain and technological boundaries. The virtual meetings were recorded and strategically reviewed based on the creation of ethnographic field notes collected during the original meetings. Ethnographic field notes are detailed notes taken by researchers actively listening to the meetings. Major team participants, topics of discussion and use of technology were identified in these documents, allowing us to further study each meeting. The recorded interactions were annotated using ELAN, a multi-modal annotation software. For the analysis, speaker and addressee pairs were identified to capture who was talking to whom during the interactions. Conversations were transcribed and question/answer speech acts during on-task interactions were noted among each network. By focusing on question/answer pairs in on-task interactions, our analysis can be focused on the flow of information across knowledge domains while filtering the resultant dataset of other interactions such as rapport building that do not involve the flow of information associated with the execution of work tasks.
To calculate the efficiency of each GVPN for comparison, the total time of each cost estimation meeting was noted. Each network was allotted a total of three hours to execute their cost estimation task. We then calculated the tie strengths and degree centrality of the GVPNs. The tie strength was measured as the frequency of contact between members of the GVPN, allowing us to study and quantify the interaction between teams in the network. We calculated the tie strength by counting the number of interactions of each member of the GVPN. The degree centrality was calculated to study the number of ties each member of the GVPN had with other members of the network. This allowed us to determine who were the most central members during the meetings. To analyze and visualize the tie strengths, degree centrality and the information flow among the two GVPNs, social network diagrams were created using UCINET based on the question/answer pairs.
DATA AND RESULTS
To analyze information flows within the two GVPNs, we calculated the tie strength between the different teams within each GVPN (Table 1 ). In Figures 1 and 2 , thicker lines and arrows indicate greater tie strength between the teams, representing with which member each team prefers to share information. The direction of the arrows indicates the direction in which the information travels allowing us to observe who is talking to whom, and how information travels from team to team. Figure 1 represents the GVPN with a CBS. Much of the information needed by Cost 2 to accomplish the task, travels through the CBS even though the CBS is not on a team that requires the information to execute the cost estimation task. The cost estimators had to communicate with the 3D modelers to calculate an accurate estimate. They needed specific information about the different materials, quantities and measurements of the building modification. The CBS was part of the scheduling team and yet, the tie strength value (Table 1) indicates that most of the information requested by IND was transferred through the CBS. When analyzing the direction of the information transfer, the cost estimators transfer information to the 4D modelers and the schedulers, but rarely do they transfer information directly to the 3D modelers. Most of the information is transferred through the CBS from the cost estimators to the 3D modelers. This observation is confirmed by the tie strength values in Table 1 . The tie strength of the CBS with IND is three times larger than the tie strength between Cost 2 and IND. Example 1 shows how the CBS served as a link between the cost estimators and IND. The cost estimators wanted the 3D modeling team to adjust the model to match their cost estimate. However, rather than communicating directly with the 3D modelers through Google Chat, they asked the CBS to communicate with the 3D modelers. This suggests that the cost estimators were taking advantage of the cultural link between the CBS and IND and thus the CBS was positioned at both a knowledge domain and a technological boundary.
IND to CBS (Google Chat):
the wall you want deleted is in level 2?
CBS to NED (CyberGRID):
the wall that you guys are talking about is in level 2?
Cost 1 to CBS (CyberGRID): yes CBS to IND (Google Chat):
yes only the wall on level 2 Example 1. Transcript demonstrating information transfer through CBS Figure 2 represents the network without a CBS. In this network, Cost 1 had strong direct ties with each member of the network. The majority of the information is transferred through Cost 1 and the 3D modeling knowledge domain associated with the cost estimation task. Example 2 shows how the information traveled directly from the cost estimators to the 3D modelers in contrast to in Example 1, where the information was transferred from IND to NED through the CBS.
IND to NED (Google Chat): You need the already constructed elements and the proposed elements in other phases, right? Cost 1 to IND (Google Chat): Yes, exactly! IND to NED (Google Chat):
Ok, we will try to figure it out and email.
Example 2. Transcript showing information transfer without a CBS
In Figures 1 and 2 , the size of each node represents the degree centrality (C d ) of each GVPN member (Table 2) . A greater degree centrality value indicates that the member was linked to more members of the network, having a potential for more information to flow through them. Cost estimators should have larger degree centrality values since they require information from IND. When analyzing the degree centrality values of the GVPN with a CBS (Table 2) , the cost estimators have similar values as other members of the GVPN. Cost 2 had a degree centrality value of 6, and the CBS, Schedule 2, and US2 had degree centrality values of 5. Many team members have high degree centrality values since there was no direct information path flow to IND. In the GVPN with no CBS (Figure 2 ) Cost 1 has a greater degree centrality value than the rest of the network. This demonstrates that information about the cost estimation task traveled directly to and from Cost 1 to the IND.
Each network had a total of three hours to accomplish the task. The Network with a CBS used all three hours, and did not finish the task. The cost estimators and 3D modelers were not able to agree on the model geometry in order to determine materials and quantities to begin the cost estimation task. The GVPN with no CBS took 1 hour and nine minutes to complete the cost estimation task, which was 3 times faster than the GVPN with no CBS.
In the GVPN with the CBS, much of the information was lost or misunderstood by the CBS. This is visually represented by the one-way tie between the 3D modelers and Cost 2. When analyzing question/answer pairs, a one-way tie suggests that a question was being asked by the 3D modelers, and was not directly answered by Cost 2. Instead, Cost 2 provided the information requested by the 3D modelers through the CBS. However, the CBS was part of the scheduling team but was interacting as a second cost estimator. The network relied on the CBS to transfer the information across the network even though the CBS was not a knowledge domain specialist in cost estimation. The CBS did not understand what type of information the cost estimators wanted nor the changes to the model that they requested of the 3D modelers. This process made the exchange of information and data between the members of the GVPN take longer than needed, showing that the CBS was not well positioned to be a KDBS. However, from a cultural standpoint, the CBS was ethnically an Indian but lived in the United States. She understood both cultures well and helped the GVPN overcome cultural boundaries. In contrast, the GVPN with no CBS had direct information pathways between the cost estimators and the 3D modelers. Since there was no CBS, every member communicated directly with the cost estimators, preventing any information from getting lost or misinterpreted. Questions could be answered directly rather than passing through and being reinterpreted by the CBS. Thus, the direct information pathways increased interactional efficiency by avoiding extra interactions per information transferred. 
DISCUSSION
Past research has demonstrated that the use of CBSs can improve the transfer of information between teams in a project network (Di Marco et al., 2012) . In their study, Di Marco et al. (2012) studied two project networks made up of two teams, one from India and one from the United States. The team from the United States was in charge of the schedule of the building, and the team from India was in charge of the 3D modeling. One of the groups had a CBS and the other did not. Over time, the CBS started gaining a greater interactional role within the network becoming the main distributor of information. This gave the network with the CBS a more efficient communication structure when compared to the network without a CBS. This study also showed how the use of the CBS became effective at supporting cultural diversity within the GVPN by reducing the number of misunderstandings in the network.
Our results suggest that the CBS may not be effective when they simultaneously are a KDBS if they are not a specialist in the knowledge domains on both sides of the boundary. If the CBS is not part of the knowledge domain, the CBS should only be a facilitator between the teams if there are any misunderstandings based on cultural differences. In the network with a CBS, the tie strength of the CBS with IND was three times higher than the tie strength of the most active cost estimator with the IND, demonstrating that more information was going through the CBS instead of going through the cost estimators who required information about the 3D model. As a result, the degree centrality value of the most active cost estimator was similar to the degree centrality value of the CBS, indicating that the cost estimator was not as central to the information exchange as he or she needed to be.
Our findings on the role of a CBS in a GVPN are similar to that of a facilitator, as described in Iorio et al. (2012) . Iorio et al. (2012) studied four different networks composed of 4 teams each. Each team represented a different knowledge domain of an engineering task. Trained facilitators were assigned to two of the networks. Over time, the facilitated networks developed an interactional dependency on the facilitators for transfer of information throughout the network. Their results suggested that this dependency caused greater task conflict duration when compared to the non-facilitated teams, which worked contrary to the function of the facilitator in assisting the network to achieve an outcome more easily. Both our findings and the findings from Iorio et al. (2012) suggest that members of a network who are assigned to support information transfer between teams in a GVPN may not be effective when they interfere with direct information transfer pathways between knowledge domains.
Although our research suggests that a CBS may not be effective when they also lie at knowledge domain and technological boundaries, future research is needed to explore the role of a CBS at these boundaries that are common in GVPNs. Our study only analyzed two networks performing the same task. More networks, both with and without a CBS should be observed performing a series of different tasks to better understand the effect of a CBS at different knowledge domain boundaries. Cultural, geographical, technological and knowledge domain boundaries create inefficiencies in the performance of GVPNs. With these boundaries, information may be lost and misunderstood and time may be wasted using incorrect information flow paths. To achieve an optimal network structure for GVPNs, it is necessary to study all of these boundaries together in order to determine the role of a single boundary spanner or a group of boundary spanners in order to overcome each boundary.
CONCLUSIONS
The contribution of our research increases our understanding of effective information transfer between teams in GVPNs. We demonstrate the negative impact on time efficiency of a network when information is transferred through a cultural boundary spanner between specialists across a knowledge domain boundary. This position of the cultural boundary spanner acts as an information filter and blocks information from traveling through the shortest and most direct path. Cultural boundary spanners may be effective at supporting cultural diversity within a network but they may not be effective as information bridges across different knowledge domains. Now that we better understand the role of a CBS, communication in project based industries going through globalization can be more efficient.
